Collective dynamics of large aspect ratio dusty plasma in an
  inhomogeneous plasma background: Formation of the co--rotating vortex series by Choudhary, Mangilal et al.
Collective dynamics of large aspect ratio dusty plasma in an inhomogeneous
plasma background: Formation of the co–rotating vortex series
Mangilal Choudhary,1, 2, a) S. Mukherjee,1 and P. Bandyopadhyay1
1)Institute for Plasma Research, Bhat, Gandhinagar, 382428, India
2)Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400085,
India
In this paper, the collective dynamics of the large aspect ratio dusty plasma is studied over a wide range of
discharge parameters. An inductively coupled diffused plasma, which creates an electrostatic trap to confine
the negatively charged grains, is used to form a large volume (or large aspect ratio) dusty plasma at low
pressure. For introducing the dust grains into the potential well, a unique technique using a secondary DC
glow discharge plasma is employed. The dust dynamics is recorded in a 2-dimension (2D) plane at a given
axial location. The dust fluid exhibits wave like behavior at low pressure (p<0.06 mbar) and high rf power
(P>3 W). The mixed motion, waves and vortices, are observed at an intermediate gas pressure(p∼ 0.08
mbar) and low power (P<3 W). Above the threshold value of gas pressure (p>0.1 mbar), the clockwise and
anti-clockwise co-rotating vortex series are observed on the edges of the dust cloud, whereas the particles in
central region show the random motion. These vortices are only observed above a threshold width of the
dust cloud. The streaming ions are considered the available free energy source to excite the waves in dust
grain medium. The occurrence of the co-rotating vortices is understood on the basis of the charge gradient
of dust particles which is orthogonal to the gravity. The charge gradient is a consequence of the plasma
inhomogeneity from the central region to the outer edge of dust fluid. Since, a vortex has the characteristic
size in the dissipative medium; therefore, a series of the co-rotating vortex on the both sides of dusty plasma is
observed. The experimental results on the vortex formation and its multiplicity are compared to an available
theoretical model and are found to be in close agreement.
I. INTRODUCTION
The dusty plasma, which is an admixture of the
electrons, ions, neutrals, and sub–micron to micron
sized negatively charged solid particles, has been a cur-
rent topic of research due to its applications in space
plasmas1–3, plasma processing technologies4,5, biological
systems6, condensed matters7,8 etc. In the background
of plasma, the highly mobile electrons and slower ions
impinge on the dust grain surface and make it nega-
tively charged. Thses grains are either externally intro-
duced or internally grown in the plasma. In the low-
temperature plasma, dust grains get negative charges
up to 103 − 105 times of an electron charge (e). The
collection of these highly negatively charged grains ex-
hibits the collective dynamics similar to the conven-
tional two component plasmas. The result of the col-
lective response of the dusty plasma medium is encoun-
tered as dust-acoustic modes9–16 and vortex motion17–20.
These modes are sometimes spontaneously excited in
the dust grain medium when there is a free energy
source to drive the grains motion. In the laboratory
dusty plasma, the streaming ion21–23 and charge gradi-
ent of dust grains20,24,25 are considered mainly free en-
ergy source to compensate the dissipation losses. For the
steady motion of dust grains, energy dissipation losses
should be minimum so that small amount of available
energy can trigger the instabilities. The evaluation of
such instabilities give rise to dust acoustic waves14,26
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and vortex structures20,25,27. It has been observed in
many experiments that instabilities to excite the waves
in dusty plasma is strongly dependent on the dissipa-
tion losses, i.e., dust–neutral collisions. The excitation
of such low-frequency acoustic modes is only possible
below the critical friction frequency9,10,14,28. On the
other hand, the convective or rotational motion of dust
grains is sometimes observed independent of the dissi-
pation losses of the dust grain medium24,25,29,30. In the
absence of magnetic field, the source of convective or ro-
tational motion of dust grains is asymmetric ion flow
along with the electric field17,31,32, or charge gradient
of the dust particles along with the non–electrostatic
forces25,27,33,34, or Rayleigh–Taylor instability35 or tran-
sient shear instability36 or the convective motion of
background neutral gas37,38. The studies on rotational
or vortex motion of dust grains in absence of mag-
netic field such as spontaneous rotation of dust particles
discharge39, two–dimensional (2D) dust vortex flow40,
cluster rotation41, horizontal and vertical vortices in pres-
ence of an auxiliary electrode29,42, poloidal rotation of
dust grains with toroidal symmetry30, and vortex mo-
tion along with waves24,27,43 are carried out in the various
dusty plasma devices.
In recent studies, the co-rotating vortices are observed
in an extended unmagnetized dusty plasma20. The
charge gradient of dust grains along with the ion drag
force, which is due to the plasma inhomogeneity along
the dust cloud axis, is considered the source of vortex
flow20,44. These observed exciting results on the co-
rotating vortices have been created an interest to study
the large aspect ratio dusty plasma in inhomogeneous
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2plasma background.
The present study focuses on the collective dynamics
of large aspect ratio dusty plasma medium, which is pro-
duced in the potential well of inductively coupled diffused
plasma. The dusty plasma exhibits self-oscillatory mo-
tions such as acoustic vibration (waves) and rotational
motion (vortices) at different discharge conditions. At
higher rf power and low pressure, the self-excited dust
acoustic waves are observed. At low power and inter-
mediate gas pressure, the central region of dust cloud
exhibits acoustic waves whereas edge particles partici-
pate in the vortex motion. At higher gas pressure, the
acoustic vibrations in the central region of dust cloud
diminish and particles show random motion. At this dis-
charge condition, the particles at edges of the dust cloud
rotate in the clockwise and anti-clockwise direction re-
spectively and form a series of co-rotating vortex struc-
tures. The dependence of friction frequency on the vortex
motion is studied at given input rf power. These exper-
imental results on the vortex motion of dust grains and
its multiplicity are compared to an available theoretical
model24,25 and found to be in good agreement.
The manuscript is organized as follows: Section II deals
with the detailed description of the experimental set-up,
plasma, and dusty plasma production. The particles con-
finement in the potential well of diffused plasma is dis-
cussed in Section III. The detailed characteristics of the
large aspect ration dusty plasma at various discharge pa-
rameters are presented in Section IV. Quantitative anal-
ysis of origin of vortex flow and its multiplicity in the
dusty plasma medium is described in Section V. A brief
summary of the work along with concluding remarks is
provided in Section VI.
II. EXPERIMENTAL SETUP AND DIAGNOSTICS
A cylindrical linear device made of borosilicate glass
tube with inner diameter of 15 cm and length of 60 cm is
used to carry out the experimental studies on the collec-
tive phenomena in a large volume (or large aspect ratio)
dusty plasma. The detailes of the experimental setup
is discussed elsewhere44. The schematic diagram of the
experimental configuration to produce the large volume
dusty plasma is shown in Fig. 1.
In this particular experimental configuration, Z = 0
cm and Z = 60 cm correspond to the left and right axial
ports (see Fig. 1), respectively. X = 0 cm and Y = 0 cm
indicate the points on the axis passes through the center
of the experimental chamber. The center of the source
tube (radial port) is located at Z ∼ 30 cm, whereas the
dust reservoir (a stainless steel disk of 6 cm diameter with
a step-like structure of 5 mm width and 2 mm height
at its periphery) is mounted at one of the radial ports
(at Z ∼ 12 cm) of the chamber. The dust particles are
homogeneously sprinkled on the disk surface (reservoir),
which is located inside the experimental chamber (at Z
∼ 12 cm). The experimental chamber is evacuated up
to ∼ 10−3 mbar by using a rotary pump. Afterwards,
the argon gas is fed into the chamber till the pressure
attains the values of ∼ 4–5 mbar. Then, the chamber
is again evacuated to the base pressure. This process
is repeated five to six times to reduce the impurities of
air from the vacuum chamber. Finally, the operating
pressure is set between the range of 0.05 to 0.3 mbar by
precisely adjusting the gas dosing valve.
A loop antenna (4 turns of enamel copper wire) is
wound on the cylindrical source tube (8 cm long and 7.5
cm diameter) as indicated in Fig. 1. The discharge is ini-
tiated in the background of argon gas in the source tube
using a 13.56 MHz rf generator. This rf plasma diffuses
in the main experimental chamber. The diffused plasma
in the main experimental chamber is characterized thor-
oughly by using different electrostatic probes namely,
single45, double46 Langmuir and emissive47 probes.
For injecting kaolin dust particles (ρd ∼ 2.6 gm/cm3
and rd ∼ 0.5 to 4 µm) into the electrostatic trap, the
dust reservoir is biased negatively (∼ -300 V or above)
to form a secondary DC glow discharge around the disk.
In the background of this secondary plasma, the dust
particles get negatively charged and lifted up near the
plasma–sheath boundary. Since, the particles are poorly
confined in the cathode sheath region at low pressure;
therefore, they continuously leave the dust reservoir. As
these particles come into diffused plasma, they start to
flow towards the center of source tube and are found to
confine in the potential well of diffused plasma near the
source section (at Z ∼ 30 cm). An ambipolar E–field of
the diffused plasma is reposnsible to transport and trap
the particles44.
The confined particles are then illuminated in the X–Y
plane by the combination of a tunable red diode laser (632
nm wavelengths, 1–100 mW power and ∼ 3 mm beam
diameter) and a cylindrical lens, whereas the dynamics
of the dust grains are captured by a CCD camera. The
stored images are analyzed with the help of ImageJ48
software and MATLAB based openPIV49 software.
III. LEVITATION AND CONFINEMENT OF THE DUST
PARTICLES
In the background of diffused plasma, micronsized
dust grains get negatively charged by collecting more
elelctrons than ions. These negatively charged dust
grains get confined under the action of electrostatic force,
gravitational force, ion drag force and neutral drag force.
In the present experimental configuration, neutrals only
resist the motion of dust grains; therefore, its role in con-
finement is not considered. The role of ion-drag force on
the dust grains is found to be less dominated than an
electrostatic force for the given experimental paramet-
ric regime20. It essentially means that gravitational and
electrostatic force dominates over the other forces. For
understanding the confinement, plasma potential is mea-
sured along the X, Y and Z directions.
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FIG. 1. Schematic diagram of the experimental setup for the study of large aspect ratio dusty plasma.
The levitation of massive dust grains against the grav-
ity is understood by measuring the plasma potential
along the Y-direction. The plasma potential is measured
in the vertical direction (along Y-axis) at Z ∼ 30 cm and
X ∼ 0 cm for different rf powers. The variation of plasma
potentials in the vertical direction is depicted in Fig. 2(a).
It is clearly seen in Fig. 2(a) that plasma potential has a
gradient in the vertical direction, which gives rise to an
E-field to hold the charged dust grains against the grav-
ity. The levitated dust grains form an elongated dust
cloud in the vertical direction. The length of the con-
fined dust cloud in Y-direction depends on the input rf
powers.
Fig. 2(b) shows the axial (along Z-axis) plasma poten-
tial profiles for different rf powers at an argon pressure,
p = 0.09 mbar. The plasma potential is measured at X
∼ 0 cm and Y ∼ -3 cm. The plasma potential is found
to be higher near the center of source tube (at Z ∼ 30
cm) and decreases towards the edges of diffused plasma.
The gradient in plasma potential gives rise to an E-field
component, which is indicated by an arrow in Fig. 2(b).
Thus, an electrostatic force due to this E-field provides
the axial confinement to dust grains. An axial dimen-
sion of dust cloud is determined by the plateau region of
plasma potential, which strongly depends on the input rf
power (see Fig. 2(b)).
Fig. 2(c) shows the plasma potential variation along
the X-axis at Z ∼ 30 cm and Y ∼ -3 cm for differ-
ent rf powers. The gradient in plasma potential on the
both sides gives rise to the E-field, which confines the
negatively charged dust grains in the X-direction. It is
also observed that dust cloud length along the X-axis (or
width) depends on input rf power. The dust cloud width
decreases with decreasing the input rf power, which can
be determined by the plateau region of plasma poten-
tial. Hence, the ambipolar E-field of diffused plasma is
responsible to levitate and confine the negatively charged
dust grains.
IV. DYNAMICS OF LARGE ASPECT RATIO DUSTY
PLASMA
The confined dust grains in a potential well of in-
ductively coupled diffused plasma exhibits various types
of collective phenomena such as waves, convective mo-
tion, vortex motion etc. Since, the collective dynam-
ics of the dust grain medium is associated with the am-
bient plasma environment; therefore, its dynamics get
modified with the change of plasma parameters. In the
present experimental configuration, the dusty plasma has
3-dimensional (3D) nature however the imaging diagnos-
tics restrict ourselves to track the dynamics in a 2D plane;
therefore, dust grains dynamics is studied in an extended
(or large aspect ratio) dusty plasma medium in the X-Y
plane, where dusty plasma is found to be homogeneous
in the axial direction. The characteristics of the dusty
plasma in a vertical (in the X-Y ) plane at various dis-
charge conditions are discussed in the following subsec-
tions.
A. Transition from waves to vortex
The dynamics of dust grains is recorded in the X-Y
plane at Z ∼ 30 cm for different neutral pressures at a
fixed input rf power, P = 2.8 W. The characteristics of
an elongated dusty plasma at different gas pressure is de-
picted in Fig. 3. The dust cloud exhibits wave like motion
at lower pressure, p = 0.06 mbar, (see Fig. 3(a)). With
increasing the pressure to 0.085 mbar, the co-existence of
wave and vortex motions is observed. In this conditions,
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FIG. 2. (a) Plasma potential (VP ) variation along the Y–axis at X ∼ 0 cm and Z ∼ 30 cm for rf powers, P = 4 W, 3 W and
2 W. (b) VP variation along the Z–axis at Y ∼ -3 cm and Z ∼ 30 cm for rf powers, P = 6 W, 4 W and 2 W. (c) VP variation
along the X–axis at Y ∼ -3 cm and Z ∼ 30 cm for two rf powers, P = 4 W and 3 W. All the measurements are taken in the
absence of the dust particles at gas pressure, p = 0.09 mbar. The errors in the measured value of plasma potential are within
± 5%.
the waves in the central region of dust cloud propagates
along the direction of gravity, whereas at the edge of the
cloud particles rotate in clockwise and anti-clockwise di-
rections (see Fig. 3(b)).
Further increase in the gas pressure to 0.10 mbar, the
grains of the central region of the dust cloud have the ran-
dom motion instead of the acoustic vibrations, whereas
the particles at the edge of dust grain medium participate
in the vortex motion and form a series of the co-rotating
vortex on the both sides of the dust cloud. Since, the dust
cloud is symmetric about its central axis; therefore, clock-
wise and anticlockwise co-rotating vortex structures are
observed at this discharge condition (see Fig. 3(c)). The
acoustic waves at less dissipation losses are attributed to
ion streaming instabilities in the dusty plasma14,21,22,50.
This transition from the waves to random motion with
increasing the neutral pressure or friction frequency is
due to the suppression of associated instabilities. The
appearance of the vortex motion on the both sides (or
edges) of dust cloud is a result of the another instability,
which is discussed in the subsequent section.
B. Vortex dynamics with friction frequency
The role of the friction frequency on the vortex mo-
tion is studied at an rf power of 2.8 W. Fig. 4 shows the
dust dynamics at different neutral pressures in the X-Y
plane at Z ∼ 30 cm. These images are constructed by the
superposition of eight consecutive still images. The di-
rected motion of dust grains forms a chain like structure,
whereas the random motion of grains leaves white dots.
Therefore, the co-rotating vortex structures at the edges
of the cloud are results of the rotational motion of dust
grains. It is to be noted that dust cloud width increases
with the increase of the gas pressure due to the increase
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FIG. 3. Video images of the dust cloud in the X–Y plane at Z ∼ 30 cm. Fig.3(a)–Fig.3(c) show the dust dynamics at different
neutral pressures at a fixed rf power, P = 2.8 W. The yellow solid lines with an arrow indicate the direction of vortex motion
of dust grains in this plane.
of width of the potential well as shown in Fig. 8(b). It is
observed that edge particles have vortex motion even at
higher gas pressure (p = 0.3 mbar), as is seen in Fig. 4(d).
The shape and size of vortex depends on the dimension
of dust cloud as well as plasma parameters. It is clearly
seen in Fig. 4 that two co-rotating vortices in the dust
cloud medium are well separated at the interface of op-
posite flowing medium. With increasing the length of
the dust cloud in this plane, the number of vortex struc-
tures increases. It clearly demonstrates the role of the
dust cloud dimension in the formation of the series of
co-rotating vortex structures.
To get more information on the velocity distribution
and angular frequency of the rotating grains in a vortex
structure, the still images are analyzed using the MAT-
LAB based software openPIV49. Fig. 5 represents the
PIV images of the dust grain medium at different neutral
pressure. For constructing the vector field, an adaptive
2-pass algorithm (a 64× 64, 50% overlap followed by a
32× 32, 50% overlap analysis) is adopted. The contour
maps of the average magnitude of the velocities are con-
structed after averaging the velocity vectors of 50 frames,
as is shown in Fig. 5. The direction of the velocity vector
represents the direction of rotating particles in the dusty
plasma. The edge particles rotate in the clockwise on
the left side and the anti-clockwise on the right side of
the dust cloud in the X-Y plane, which is clearly indi-
cated by the velocity vectors. It is clear from Fig. 5 that
velocity distribution of rotating particles is non-uniform
in the vortex structures for all the parametric regimes.
The particles of outer edge have higher rotational speed
than the inner edge. The shape of the vortex structures
are almost symmetric about an axis passes through the
center of it. Also, the observed vortices are not to be
in circular shape in the X-Y plane but have the ellipti-
cal or distorted elliptical shape in the X-Y plane. The
trajectories of dust grains depend on the charge gradi-
ent in the X-direction as well as in the Y-direction33.
In present configuration, contribution of Y-component is
considered to be negligible than X-component; therefore,
only X-component of charge gradient (βx = β) is con-
sidered to understand the observed results. To estimate
an average angular frequency of particles in the vortices
at different gas pressure, the circular region of a vortex
is considered. For a given discharge condition, all the
co-rotating vortices on the both side of dust medium are
observed to be nearly similar in size and having an almost
similar velocity distribution (see Fig. 5). The average ro-
tation speed of the particles decreases with the increasing
of gas pressure or friction frequency, which is clearly seen
in Fig. 5.
C. Dynamics of different widths dusty plasma
Fig. 6 shows the characteristics of the dusty plasmas
of different widths (or aspect ratio) at given discharge
parameters. The images in Fig. 6 are constructed from
the superposition of seven consecutive still images. The
dust grains only exhibit random motion below a thresh-
old value of the dust cloud width (or aspect ratio), as
is seen in Fig. 6(a). Above the threshold width, the
grains located at edges rotate in the clockwise and anti-
clockwise directions and form a co-rotating vortex series
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FIG. 4. Video images of the dust cloud in the X–Y plane at Z ∼ 30 cm. Images ((a)–(d)) are obtained by the superposition
of eight consecutive images at a time interval of 66 ms. Fig.4(a)–Fig.4(d) show the observed vortex structures for different gas
pressures at fixed input rf power, P = 2.8 W. The yellow solid lines with an arrow indicate the direction of vortex motion of
dust grains in this plane. The vortex representation (I and II) are made for the quantitative analysis of the vortex motion.
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FIG. 5. Images show the velocity distribution of dust particles in a vortex structure at different gas pressures (for Fig.3).
Images (Fig.5(a)–Fig.5(d)) are obtained after PIV analysis of the corresponding still images. Velocity vectors show the direction
of the rotating particles in the X–Y plane at Z ∼ 30 cm. The color bar on the images show the value of dust velocity in mm/sec.
The clockwise and anti–clockwise co–rotating vortex series are observed on the either side of dust cloud. All the measurements
are taken at fixed rf power, P = 2.8 W.
on each side of the dust cloud. The size of the vortex is
found to be dependent on the width of the dust cloud at
fixed discharge conditions.
V. DISCUSSION OF EXPERIMENTAL RESULTS
The existence of dust acoustics waves at higher power
and lower pressure (p < 0.1 mbar) is due to the instabil-
ities, which are associated with the streaming ions in the
ambipolar E-filed of the diffused plasma14,21,22,51. Such
instabilities mainly observed above a threshold E-field so
that vi ≥ vTi, where vi and vTi are the ion streaming
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FIG. 6. Video images of the dust grain medium of different widths in the X-Y plane at Z ∼ 30 cm. Images ((a)–(c)) are
obtained by the superposition of eight consecutive images at a time interval of 66 ms. Fig.6(a)–Fig.6(c) show the dynamics of
grains in the different widths dusty plasma. The experiments are performed at constant pressure, p = 0.10 mbar and different
rf powers, P = 1.9 W, 2.3 W and 2.7 W.
velocity and ion thermal speed, respectively. The ions
streaming velocity increases with the increase of an E-
field at given pressure. The plasma potential variation at
p = 0.06 mbar along the gravity is presented in Fig. 2(a).
The estimated E-field is observed to be higher at higher
power. It’s value decreases with lowering the input power
at given pressure. Therefore, the waves are observed at
higher power and low pressure (see Fig. 3(a)). At higher
pressure, the ion–neutral as well as dust–neutral colli-
sion frequency increases, which causes the damping of
dust acoustic waves; therefore, waves motion transforms
to random motion in the central region of dust cloud (see
Fig. 3(c)).
It is obvious that a steady-state equilibrium dust vor-
tex is formed when energy dissipations of the particles
due to frequent dust–neutral collision and/or dust–dust
interaction are balanced by the available free energy14,24.
In the diffused plasma, the spatial dependence of dust
charge is one of the possible mechanisms to drive the
vortex flow in dust grain medium25,27,33. The mono-
tonic variation (gradient) of particles charge in the dusty
plasma occurs due to inhomogeneity in the background
plasma parameters such as electrons (ions) density (ne(i))
and/or electrons (ions) temperature (Te(i)). It is re-
cently experimentally varified by Choudhary et al.20 in
an extended dusty plasma medium with inhomogeneous
plasma background. Theoretical analysis and numerical
simulations show such type of vortex structures in the
presence of dust charge gradient, ~β = ∇Qd = e∇Zd,
orthogonal to a nonelectrostatic force ~Fnon such as grav-
itational force (~Fg), or ion drag force (~FI) acting on
the dust particles in the dust cloud25,27,33. In the equi-
librium steady state, dust grains are stable under the
balance of electric force and non-electrostatics force i.e.
QdEy = Mdg. In the presence of charge gradient (β),
the curl of total force acting on the individual particle
becomes non-zero due to a finite value of ~β× ~Ey. In this
case, the electric field (Ey) does the positive work in com-
pensating the dissipative energy losses only when charge
gradient is non zero and is orthogonal to force Fnon. The
combined action of E-field force and non-electrostatic
force pumps the energy to vortex motion against the
dissipation losses. The role of non–electrostatic forces
(~Fnon) in the formation of vortex structure in the dusty
plasma is determined by their capacity to hold the dust
grains in the region of the non-zero electric field.
In recent years, Vaulina et al.25,27,33 have performed
extensive theoretical and numerical works to explain the
self-oscillatory motion of dusty plasma with inhomoge-
neous plasma background. They predicted two types
of instabilities in the dust grain medium in presence of
charge gradient results from the plasma inhomogeneity.
The first type of instability is named as dispersive insta-
bility and other is termed as dissipative instability. The
evaluation of dispersive instability gives rise to acous-
tic waves, which strongly depends on the friction fre-
8quency. On the other hand, an evaluation of the dissipa-
tive instability gives rise to regular dynamic structures
(vortices) and it is independent of the friction frequency
(νdn). Although, the angular frequency (ω) of dust grains
decreases with increasing the friction frequency but the
qualitative nature of the dust grains medium remains un-
changed. It essentially means that vortex motion of the
grains in presence of charge gradient is independent of
the dissipation losses of the medium.
Due to the dissipative instability24,25, dust particles in
the cloud start to move in the direction of Fnon where
the particle has its maximum charge value and form a
vortex structure. In the vortex motion, the vorticity (Ω =
∇× ~vd) is always non-zero along a certain closed curve.
The frequency (ω) of the steady-state rotation of particles
in a vortex structure is given as25,27,33,
ωth = |Fnon
Md
β
2eZ0νdn
|, (1)
where eZ0 = Qd0 is the charge on the dust particle at
an equilibrium position in the rotating plane (in the X-
Y plane). In our experimental configuration, the dust
grains are confined in a X–Y plane at a given axial loca-
tion; therefore, the non–electrostatic force ~Fnon required
for the vortex motions of grains is provided by the grav-
itational force, i.e., ~Fnon = ~Fg
24,25. Hence ~Fnon can be
replaced by ~Fg in the Eq.(1) to obtain the angular fre-
quency of the rotation. So the angular frequency can be
written as
ωth = | gβ
2eZ0νdn
|, (2)
It should be noted that the force experienced by the par-
ticle due to the ion drag is also orthogonal to charge
gradient but the gravitation force is dominated over it;
therefore, its role in the vortex motion is not considered
in the calculations. Schematic diagram to represent the
direction of rotational motion in the presence of charge
gradient (β) and gravity in the X–Y plane is depicted in
Fig. 7.
The charge on the dust grain (Qd) is calculated using
the Matsoukas and Russel’s approximations52, which is
given as
Qd = eZd ≈ C 4pirdkBTe
e2
ln
ni
ne
(
meTe
miTi
) 1
2
, (3)
where rd is radius of the micro-particle, kB is Boltz-
mann’s constant, e is the electron charge, ne and ni
are the electron and ion densities, me and mi are their
masses, and Te and Ti are their temperatures. For a typ-
ical argon plasma, the constant C comes out to be ≈
0.7352
In the present experimental configuration, the directed
gas flow inside the chamber is negligible44 thus neutrals
are assumed to be in thermal equilibrium. According to
Epstein friction53, the neutral friction experienced by the
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FIG. 7. Video image of dust cloud in the X–Y plane with the
direction of charge gradient (β) and gravity (g). The direction
of rotation is represented by a yellow line with an arrow. The
dust grains rotate in the direction of charge gradient on either
side of dust cloud.
dust grains is
~Fn = −mdνdn~vd, (4)
where νdn is the dust–neutral friction frequency and vd
is dust particle velocity. The expression for νdn
54 is
νdn =
8
3
√
2pir2d
mn
md
nnvTn
(
1 +
pi
8
)
, (5)
wheremn, nn, and vTn are the mass, number density, and
thermal velocity of the neutral gas atoms, respectively.
To estimate the angular frequency (ω) and its de-
pendence on the friction frequency (νdn), the charge gra-
dient (β) orthogonal to the dust cloud axis (or along the
X-axis) is estimated for the given discharge conditions.
The dust cloud axis is assumed along the Y-direction, as
is represented in Fig. 7. The plasma parameters such as
ne, Te and Vp are experimentally measured to estimate
the charge gradient of dust grains along the X-direction.
Fig. 8(a) shows the plasma potential (Vp) variation
along the X-axis at Z ∼ 30 cm and Y ∼ -3 cm for dif-
ferent powers at constant pressure, p = 0.09 mbar. It is
clear from the figure that dust cloud is symmetric about
the Y axis at X ∼ 0 cm. The plasma potential varies
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FIG. 8. (a) Plasma potential profiles along the X–axis at Y ∼ -3 cm and Z ∼ 30 cm for different rf powers at fixed pressure, p
= 0.09 mbar (b) for different pressure at fixed rf power, P = 2.5 W. The errors in the measured value of plasma potential are
within ± 2 V. All the measurements are taken in the absence of the dust particles.
monotonically on the both sides of the central region (X
∼ 0 cm), which gives rise to an E-field component in the
X-direction. The plateau region of Vp depends on the
diffused length of plasma or input power, which reduces
with decreasing the input rf power at fixed gas pressure.
At higher power (P > 4 W), edge particles doesn’t exhibit
the vortex motion. It is mainly due to small scale length
of E-field in the dust cloud (or less extent of the dust
cloud in the direction of β). It is predicted by Vaulina
et al.24,25,55 that vortex motion is only possible when the
width of the dust cloud crosses a threshold value or for
a large number of layers. At below the threshold power,
the E-filed diffuses to more dust layers; hence, dust grains
start to rotate in the X–Y plane. It is also pointed out
that vortex motion is independent of the charge gradi-
ent in the Y-direction33. As shown in Fig. 8(a), the
X–component of E–field is negligible (flat Vp) inside the
central region of dust cloud (from X ∼ -1.5 to 1.5 cm);
therefore, dust grains show random motion instead of
the rotational motion. The effect of the gas pressure
on the plasma potential along the X-axis is depicted in
Fig. 8(b). It is clear that plasma potentials have a gra-
dient on the both sides of the central axis (X ∼ 0 cm).
The magnitude of the E-field decreases with increasing
the neutral pressure. The plateau region of plasma po-
tential increases with increasing the gas pressure, which
is consistent with the larger dust cloud width at higher
power (see Fig. 4). At higher pressure (p > 0.3 mbar),
the E-field diffuses to a large number of layers; therefore,
edge particles participate in the rotational motion. For
the detailed descriptions of the vortices and its multiplic-
ity, quantitative analysis to compare the experimentally
observed results to an available theoretical model24,25 are
is provided for the set of discharge parameters.
Fig. 9(a) shows the electron temperature variation
along the X-axis at Y ∼ -3 cm and Z ∼ 30 cm for in-
put powers, P = 5.8 W and 2.8 W at gas pressure, p
= 0.12 mbar. The Te is observed to be high at the axis
passes through the centre (at X = 0 cm) and decreases on
the both sides of X = 0 line. It essentially indicates the
inhomogeneity (or gradient) in Te form the central axis.
The values of gradient in Te depend on the discharge pa-
rameters. The similar trend of Te is also observed for the
pressure regime (p = 0.06 to 0.3 mbar) and power regime
(P = 4 W to 2.5 W). Similar to Te, plasma density (n) is
measured along the X-axis at Y ∼ -3 cm and Z ∼ 30 cm
for same discharge parameters. Typical plasma density
variation along the X-axis for two powers at fixed pres-
sure is shown in Fig. 9 (b). Similar to the Te, plasma
density varies monotonically on the both sides of cen-
tral axis. The finite gradient in Te and n on the both
sides of central axis (X = 0 cm) is mainly responsible
for the charge gradient on the both sides of dust cloud.
The charge gradient is estimated using the expression of
Eq.(2), which strongly depends on the gradient of Te. As
is known that dust charging mechanism depends on the
dust Debye length. The dust grains have higher negative
charge in high and lower in low plasma density plasma
region. However, the effect of density gradient on the
dust charge gradient is negligible for the given discharge
conditions.
To compare the experimentally observed angular fre-
quency (ωexp) with the theoretically predicated value
(ωth), the charge gradient (β) along the X-axis (from
X =0 cm) is estimated for the given discharge param-
eters (P = 2.8 W and p = 0.12 mbar). The charge
gradient is estimated by using the relation, ∇Qd =
(QX2 −QX1)/(X2 −X1), where X1 and X2 are the two
spatial points on the dust cloud. For the quantitative
analysis, only average sized particles (∼ 2 µm) are con-
sidered based on the force balance conditions. To mea-
sure the ωexp, we have used vortex-I and Vortex-II (as
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FIG. 9. (a) Electron temperature (Te) variation along the X–axis at Y ∼ -3 cm and Z ∼ 30 cm for two rf powers P = 5.8 W
and 2.8 W. (b) Plasma density (n) variation along the X–axis at Y ∼ -3 cm and Z ∼ 30 cm for two rf powers, P = 5.8 W and
2.8 W. All the measurements are taken in the absence of the dust particles at gas pressure, p = 0.12 mbar.
indicated in Fig. 4(a)) of the dust cloud. The observed
value of ωexp is varied between 0.4 to 0.9 rad/sec for
the same discharge parameters. Theoretically estimated
value of angular frequency (ωth) comes out to be ∼ 0.7
to 1 rad/sec for β/eZ0 ∼ 0.03 to 0.04 cm−1, Md ∼ 8
×10−14 kg, g = 980 cm−2/sec and νdn ∼ 24 sec−1. It
can be concluded that the experimentally measured val-
ues of angular frequency and the theoretically predicted
values (by Vaulina et al.25) are in good agreement for the
given discharge parameters. Moreover, the direction of
rotation of particles is also consistent with the direction
predicted by the theoretical model24,25.
The characteristic size D0 of a vortex structure
can be obtained from the viscosity (ηk) of the dusty
plasma medium55, which can be expressed as D0 =
α (ηk/(ω
∗ + νdn))
1/2
, where ω∗ is effective dusty plasma
frequency and α takes into the difference between vis-
cosity in quasi–stationary and dynamic vortex structure.
The coefficient α is estimated as ≈ 4955. The variation
of kinetic viscosity (ηk) with a wide range of discharge
parameters and coupling constant (Γ) is discussed by For-
tov et al.56. For the present set of experiments, the dusty
plasma medium is assumed to be in liquid state; there-
fore, an effective coupling constant (Γ∗)55 has the value
< 170. For this range of coupling parameters, the kinetic
viscosity ηk is considered to be ∼ 0.02 to 0.04 cm2s−1
similar to the value reported in Refs.56,57. For the dis-
charge parameters (P = 2.8 W, p = 0.12 mbar), the es-
timated characteristic size (Dth) of the vortex structures
for ηk = 0.02–0.04 cm
2s−1 and νdn ∼ 24 s−1 comes out
to be ∼ 3–5 mm, which is in good agreement with the ex-
perimentally measured vortex diameter, Dexp ∼ 4-5 mm
(see Fig. 4(a)). Similarly, the vortex size is measured
for other discharge conditions (for p = 0.2 mbar to 0.3
mbar), which matches well with the theoretical estima-
tion. Since, the dimension of dust cloud is multiple of the
dust vortex size; therefore, a series of the vortex struc-
tures is formed on the both sides of the dust cloud in the
X–Y plane. The number of vortex structures strongly de-
pends on the aspect ratio of the dusty plasma medium.
For a constant width of dust cloud, multiple vortex struc-
tures are observed with increasing the length of the dust
cloud, which essentially signifies that large aspect ratio
dusty plasma can accommodate the multiple vortices.
The dependence of friction frequency (νdn) on the an-
gular velocity of the rotating dust grains is depicted in
Fig. 10. An average angular frequency (ω) of the dust
grains decreases with increasing the dust-neutral friction.
It essentially specifies that dissipative instability, which
gives rise to vortex motion, is independent of the dissi-
pation losses of the dust grain medium. These observed
results are similar to the theoretical prediction of Vaulina
et al.24,25,33 model. It concludes that the charge gradient
of dust grains along with the gravity is a mainly possible
source to excite the vortex motion.
VI. SUMMARY AND CONCLUSION
The dynamics of dust grains in a large aspect ratio dust
plasma in the background of inhomogeneous plasma over
a wide range of discharge parameters are studied. Induc-
tively coupled discharge is initiated in the background
of argon gas in the source tube, which later diffuses in
the main experimental chamber. The diffused plasma
is characterized using the electrostatic probes to under-
stand the dynamics of dust grains. For injecting the dust
grains into the potential trap, a novel technique using the
DC glow discharge is employed. In the DC plasma back-
ground, the dust grains acquire negative charges on their
surface and levitate at the sheath-plasma interface. Due
to the poor confinement, these charged grains leave the
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FIG. 10. Angular frequency (ωexp) variation of dust particles
with friction frequency at P = 2.8 W
confined region and come into diffused plasma volume.
These grains then start to flow under the action of an
axial ambipolar electric field of the diffused plasma and
confined in the electrostatic trap. In this trap, particles
are confined under the combined action of electrostatic
forces, which are due to the diffused plasmas (ambipolar
E–field) and plate charges (sheath E–field), and grav-
itation force. The dynamics of dust grain medium is
recorded in the X-Y plane at Z ∼ 30 cm for various dis-
charge conditions. The main findings of the experimental
studies are listed below,
1. The inductively coupled diffused plasma is used to
create a large volume or large aspect ratio dusty
plasma at low pressure.
2. The dusty plasma medium exhibits waves like mo-
tion at low pressure and it is strongly dependent on
the friction frequency of particles with neutrals.
3. The clockwise and anti-clockwise series of co-
rotating vortices are observed on the both sides
of dust cloud at lower power and higher pressure.
The vortex motion is independent of the friction
frequency or dissipation losses of the medium.
4. The co-rotating vortex series are only observed
above a threshold dust cloud width.
5. Multiplicity of vortex depends on the dimension (or
length) of the dust cloud in a given 2D plane.
The angular frequency of the rotation based on the
model provided by Vaulina et al.25,27 is found to be in
close agreement with the experimentally observed val-
ues, which essentially indicates that the charge gradient
of dust particles orthogonal to the gravity is a possible
mechanism to drive the vortex flow. Vaulina et al.24,25
have also pointed out that a small charge gradient in the
dust cloud (∼ 1%) is an effective source for conversion
of potential energy to kinetic energy of dust grains. The
occurrence of charge gradient is due to the plasma inho-
mogeneity from the central region to the outer edges of
the dust cloud. In the dissipative medium, vortex has the
characteristic size; therefore, a series of the co-rotating
vortex on each side of dust cloud is observed. The mul-
tiplicity of the vortex strongly depends on the dimension
of the dust cloud. The present studies focus on the dy-
namical studies of large aspect ratio (2D) dusty plasma.
However, the detailed collective dynamics of the large
volume (3D) dusty plasma is still under investigation and
will be reported in the future publications.
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